Exposure to ultraviolet B (UVB) radiation from the sun can result in sunburn, premature aging and carcinogenesis, but the mechanism responsible for acute inflammation of the skin is not well understood. Here we show that RNA is released from keratinocytes after UVB exposure and that this stimulates production of the inflammatory cytokines tumor necrosis factor a (TNF-a) and interleukin-6 (IL-6) from nonirradiated keratinocytes and peripheral blood mononuclear cells (PBMCs). Whole-transcriptome sequencing revealed that UVB irradiation of keratinocytes induced alterations in the double-stranded domains of some noncoding RNAs. We found that this UVBdamaged RNA was sufficient to induce cytokine production from nonirradiated cells, as UVB irradiation of a purified noncoding RNA (U1 RNA) reproduced the same response as the one we observed to UVB-damaged keratinocytes. The responses to both UVB-damaged self-RNAs and UVBdamaged keratinocytes were dependent on Toll-like receptor 3 (TLR3) and Toll-like receptor adaptor molecule 1 (TRIF). In response to UVB exposure, Tlr3 −/− mice did not upregulate TNF-a in the skin. Moreover, TLR3 was also necessary for UVB-radiation-induced immune suppression. These findings establish that UVB damage is detected by TLR3 and that self-RNA is a damage-associated molecular pattern that serves as an endogenous signal of solar injury.
Excess exposure to solar radiation in the UVB wavelength range (280-320 nm) is a key risk factor for skin cancer 1, 2 and results in an inflammatory reaction of the skin commonly known as sunburn. However, despite the morbidity resulting from inflammation caused by UVB radiation, the molecular mechanisms responsible for detecting UVB injury are not completely understood. Once UVB damage occurs, several downstream responses have been described, including changes in cis-urocanic acid (cis-UCA), DNA and lipids [3] [4] [5] . UVB exposure also triggers the activation of nuclear factor-κ B (NF-κB) 6, 7 and the induction of cytokines, including IL-6 and TNF-α 8 . TNF-α is thought to have a role in the response to UVB damage, as it induces apoptosis 9 , is proinflammatory 10, 11 and may mediate UVB immunosuppression 12, 13 , and TNF-α-specific antibodies reduce the number of sunburn cells after UVB exposure 14 . Because of the major pleiotropic, downstream effects of TNF-α after solar injury, we sought here to determine what elements induce the expression of this cytokine after exposure to UVB radiation.
We first determined if exposing cells to UVB radiation produced a molecule(s) capable of inducing the release of TNF-α from nonirradiated cells. We exposed normal human epidermal keratinocytes (NHEKs) to UVB radiation (15 mJ cm −2 ) and added the lysates from the UVB-irradiated keratinocytes or equal numbers of lysed nonirradiated cells to nonirradiated NHEKs and PBMCs. Lysates from UVB-irradiated NHEKs stimulated the production of TNF-α and IL-6 in nonirradiated, responding NHEKs and PBMCs, but lysates from nonirradiated NHEKs did not (Fig. 1a-c) . The concentrations of TNF-α protein remained elevated at up to 48 h after exposure to UVB-irradiated keratinocyte lysates (Supplementary Fig. 1 ). RNase inhibited the capacity of the lysates from UVB-irradiated NHEKs to induce the production of TNF-α and IL-6 ( Fig. 1a-c) . We found that the lysates from UVB-irradiated NHEKs also induced an increase in the expression of TLR3 in responding nonirradiated NHEKs (Fig. 1d) , a pattern recognition molecule that is best known for its capacity to detect dsRNA 15 . Targeted knockdown of TLR3 in nonirradiated responding NHEKs significantly (P < 0.001) reduced the capacity of lysates from UVB-irradiated NHEKs to induce the production of TNF-α and IL-6 (Fig. 1e,f) . We were also able to reproduce these events in mice, as intradermal injection of lysates from UVB-irradiated NHEKs, but not of nonirradiated NHEKs, induced redness, swelling and TNF-α and IL-6 cytokine production in the skin of wild-type mice but not the skin of Tlr3 −/− mice (Fig. 1g-i and Supplementary Fig. 2) . Thus, these observations suggest that recognition of UVB-induced damage may be mediated by RNA and detected by TLR3.
To identify specific alterations in RNA induced by UVB exposure that may be responsible for triggering the inflammatory response, we applied an unbiased approach using an adaptation of nextgeneration whole-transcriptome shotgun sequencing (RNA-Seq). This method of RNA sequencing can be dependent on the accessibility of the RNA secondary structure, and a change in RNA structure induced by UVB radiation can therefore be detected by a change in the frequency of sequence reads. A comparison of the base-reading frequency obtained using RNA from lysates from UVB-irradiated NHEKs and that obtained using RNA from identical unexposed cells revealed changes in the specific domains of several small nuclear RNAs (snRNAs) (Supplementary Table 1 ). These snRNAs were of particular interest because they contain stem-loop structures that could form dsRNAs and thereby activate TLR3. We took particular note of snU1 RNA, as it was among the most abundant noncoding RNAs present in the irradiated cells (falling into the ninety-fourth percentile), and its sequence frequency increased by 19.5% after UVB exposure (Supplementary Table 1 ). An RNA-Seq analysis of the U1 RNA showed that UVB exposure increased the base-read frequency in the U1 loop domains (Fig. 2a,b) . These loops generated were potential ligands for TLR3.
As U1 RNA had been suggested to modulate autoimmune responses and activate innate immune signaling 16, 17 , we chose to test whether direct UVB damage to this type of endogenous noncoding RNA could trigger an inflammatory response. We exposed pure, synthetic U1 RNA to UVB radiation and then added it to NHEKs or PBMCs. Nonirradiated U1 RNA (3,000 ng ml −1 ) had no detectable effect on inducing the production of TNF-α in either cell type (Fig. 2c-e) . In contrast, low concentrations (100 ng ml −1 ) of U1 RNA that was exposed to UVB irradiation increased the production of TNF-α and IL-6 in both NHEKs and PBMCs at 24 h after exposure (Fig. 2c-e) . The concentrations of TNF-α remained elevated up to 72 h after exposure in NHEKs (Supplementary Fig. 1 ).
To confirm that UVB irradiation altered the U1 RNA, we performed a direct analysis of synthetic U1 RNA before and after exposure to UVB radiation. Gel purification of the U1 RNA showed that UVB irradiation resulted in the production of small RNA fragments less than 100 bp in length (Fig. 2f) . We obtained a similar result after an analysis of UVB-irradiated U1 RNA with capillary electrophoresis (data not shown). These purified fragments of U1 RNA generated by UVB irradiation potently stimulate TNF-α production when added To determine statistical significance between groups, comparisons were made using two-tailed t tests *P < 0.05, ***P < 0.001. Data are means ± s.e.m. and are representative of at least three independent experiments. n = 4-6 mice per group. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
npg to nonirradiated NHEKs (Fig. 2g) . Furthermore, small synthetic oligonucleotides representing the U1 RNA loops a, b and c (Fig. 2b) induced TNF-α production when added to nonirradiated NHEKs, but oligonucleotides representing loop d did not show activity in this context (Fig. 2h) . Thus, activity of the oligonucleotides correlated with the over-representation of loops a-c and the under-representation of loop d found by RNA-Seq analysis.
We next examined whether U1 RNA could activate TLR3 signaling. As observed with total RNA from UVB-damaged cells, UVB-irradiated U1 RNA significantly (P < 0.05) induced the expression of TLR3 mRNA in cultured nonirradiated NHEKs (Fig. 3a) . Treatment of NHEKs with TLR3 siRNA attenuated the response to UVB-irradiated U1 RNA (Fig. 3b,c) . Confocal microscopy and intracellular staining for TLR3 confirmed that UVB-irradiated U1 RNA interacts with NHEKs cultured to 70% confluency on chamber slides, treated with siRNA to TLR3 and exposed to UVR U1 RNA for 4 h. Cells were fixed and stained with an antibody to RelA (red). Scale bar, 50 µm. To determine statistical significance between groups, comparisons were made using two-tailed t tests *P < 0.05, **P < 0.01, ***P < 0.001. Data are means ± s.e.m. and are representative of at least three independent experiments. endosomal TLR3 in NHEKs (Fig. 3d) . UVB-irradiated U1 RNA also induced the translocation of the transcription factor RelA (also known as p65) to the nucleus, as assayed by western blot (Fig. 3e) , and this was dependent on TLR3, as assayed by direct immunofluorescence (Fig. 3f) . Furthermore, pretreatment of NHEKs for 2 h with either dextran sulfate or fucoidan, two inhibitors of scavenger receptor function and dsRNA uptake, inhibited the TNF-α-inducing activity of the UVB-irradiated U1 RNA, suggesting uptake and endosomal delivery of U1 RNA is required to activate TLR3 (Supplementary Fig. 3 ). Next, we assessed the effects of U1 RNA in vivo. UVB-irradiated U1 RNA induced redness and increased ear thickness in mouse ears, whereas transfer RNA (tRNA) exposed to UVB did not (Fig. 4a,b) . UVBirradiated U1 RNA also increased the expression of TNF-α and IL-6 mRNA in the skin of wild-type control but not Tlr3 −/− mice (Fig. 4a-c) . Furthermore, the inflammatory response to UVB-exposed U1 RNA was blunted in mice deficient in TRIF, an essential downstream element in TLR3 signaling (Supplementary Fig. 4) .
To assess the role of TLR3 in the response to UVB radiation, we directly irradiated mice and measured both the inflammatory response and UVB-radiation-induced immunosuppression. Six hours and 24 h after UVB exposure, upregulation of TNF-α or IL-6 mRNA in the skin was reduced in Tlr3 −/− mice as compared to wild-type littermates (Fig. 4d,e) . In addition, UVB exposure did not induce the production of inflammatory cytokines in Trif −/− mice ( Supplementary Fig. 4) . Tlr3 −/− mice also showed less skin redness compared to wild-type controls after UVB radiation exposure (Supplementary Fig. 5 ). Although IL-1 stimulates the production of TNF-α and has a key role in inflammation after UVB exposure 18, 19 , TNF-α was not induced in the skin of IL-1 receptor knockout mice (Il1r −/− ) after UVB exposure (Supplementary Fig. 6 ). TLR3 was also necessary for UVB-radiationinduced immunosuppression after UVB exposure. Twenty-four hours after sensitization and challenge with dinitrofluorobenzene (DNFB), nonirradiated wild-type mice developed an allergic contact hypersensitivity (CHS) reaction (Fig. 4f,g ). Exposure to UVB radiation 72 h before sensitization to DNFB suppressed the CHS response in wild-type but not in Tlr3 −/− mice (Fig. 4f,g and Online Methods), suggesting that TLR3 is crucial for the ability of UVB radiation to suppress the CHS response.
The recognition of RNA involves a coordinated response between TLRs and cytoplasmic RNA helicases. In our studies, however, there was little indication of any involvement of other RNA sensors. The induction of TNF-α and IL-6 were not altered after UVB exposure of mice deficient in mitochondrial antiviral signaling protein (MAVS), the adaptor for intracellular RNA helicases such as melanoma differentiation-associated gene 5 (MDA5) and retinoic acid inducible gene-1 (RIG-1) (Supplementary Fig. 7) . Furthermore, the use of a pharmacologic inhibitor of this pathway did not block the induction of cytokines by lysates from UVB-irradiated NHEKs (Supplementary Fig. 7) .
Based on these observations, we propose that noncoding RNAs damaged by UVB radiation are partially responsible for UVB-induced inflammation and act as previously unknown damage-associated molecular patterns. In support of our hypothesis are prior observations that UVB radiation can induce RNA-RNA crosslinking, pyrimidine dimer formation and the oxidation of guanine to 8-oxo-7,8-dihydroguanosine (8-oxoG) 20 . Other molecules may also activate TLR3 in the whole-cell system, but we here show specifically that a specific form of RNA altered by UVB irradiation can activate TLR3, as isolated tRNA and nonirradiated U1 RNA were inactive in this context. In addition, other products generated after UV exposure, such as cis-UCA 21 , telomeric nucleotides 22,23 , 6-formylindolo(3,2-b) carbazole 24 and IL-1 (refs. 25,26) , may also contribute to UVBinduced inflammation but probably do not contribute substantially to the immediate production of TNF-α and IL-6, as this response was dependent on TLR3.
These observations provide a new framework to understand the UVB damage response and may influence the understanding of a wide range of photosensitive phenomena. They suggest the potential To determine statistical significance between groups, comparisons were made using two-tailed t tests, NS, not significant, *P < 0.05, **P < 0.01, ***P < 0.001. Data are means ± s.e.m. and are representative of at least three independent experiments. n = 4-6 mice per group.
for RNAs as biomarkers of UVB-induced injury, the use of RNAs as alternatives to phototherapy and the potential for blocking damaged self-RNA recognition to be used as a therapeutic target for photosensitive disorders. The TLR3-mediated cytokine response may have major implications for tumorigenesis because of the many associations of TNF-α with apoptosis, inflammation and immune surveillance. Future work to better define the role of TLR3 in the outcomes occurring after UVB exposure is therefore warranted.
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